In the last 50 years we have seen how an initially ad-hoc and not widely accepted theory of the strong and electroweak interactions (Standard Theory: ST) has correctly predicted the entire accelerator based experimental observations with incredible accuracy (with the important exception of neutrino oscillation experiments). Decays of the ST particles (quarks and leptons), which are rare due to some symmetry of the theory, have played an important role in the formalism of the ST. These rare decays have been powerful tools to search for new particle interactions with the ST particles, which may not necessarily have the same symmetries. In this article, I will describe the indirect search for evidence of new physics (NP) using quark and lepton flavour changing neutral decays, which are highly suppressed within the ST, and constitute strong probes of potential new flavour structures.
Historical role of rare decays
Rare decays of mesons have played a very important role in the formalism of the ST of particle physics. In particular, they have been relevant in the development of the Higgs mechanism, which generates fermion masses and quark mixing, and in the establishment of the symmetries of the theory.
A very well known example is the discovery in 1964 that CP was not a symmetry conserved 1 in K decays. When a decade before it had been proposed 2 and then experimentally verified 3 that parity (P) was not conserved in weak decays, nobody imagined that this was also the case for the combination of charge conjugation (C) and P symmetries. It was known by then that flavour was not conserved in weak interactions, and indeed the neutral K 0 could mix with its anti-particle 4 . However, if CP was fully conserved, one should be able to define two states (K 1 0 and K 2 0 ) that are "eigenstates" of both the weak and CP operators.
Subsequently, K 1 0 can decay into the pure CP-odd state of two π but K 2 0 cannot, while at the same time all-possible other decay channels for K 2 0 are suppressed by parity violation (semi-leptonic) or by phase-space. Consequently, K 2 0 has a much longer lifetime than K 1 0 by a factor ~500.
Experimenters in Ref. (1) shot protons at a target to produce K 0 and after a long enough trip in a vacuum pipe they achieved a pure K 2 0 beam.
Amazingly, it was measured that very rarely, once in every 500 K 2 0 decays, they decayed into two π rather than three. At that time only three quark flavours were known, so the observation of this rare K 2 0 decay not only implied that CP was not conserved but also that it could not possibly be explained within the theoretical framework currently being used.
Another good example of the influence of rare decays is from around the same time, at the birth of the ST. The weak coupling did not seem to be universal: the observed decay probability of the semileptonic π + →µ + ν decay, after correcting for the different phase space, was about 20 times larger than the very similar K + →µ + ν decay. In 1963 Cabibbo 5 explained these observations by introducing the "Cabibbo angle" (θ c ), such that the weak bosons couple to a linear combination of the "d" and "s" quarks (using the modern language as in 1963 quarks had not yet been proposed). The suppression of the semileptonic K + decay with respect to the π + decay arises from the square of the ratio of the linear coefficients, (sinθ c /cosθ c ) 2 , in the decay amplitudes. One would then expect large flavour changing neutral currents (FCNC) in the equivalent case of leptonic K 0 decays. However, experimentally the probability of the process K 2 0 →µ + µ -was measured to be ~7x10 -9 , a very rare decay indeed.
This large suppression of observed FCNC motivated Glashow, Ilioupoulos and Maiani 6 in 1970 to predict the existence of an unobserved fourth quark (c-quark), which should form an SU(2) doublet with the known s-quark. In this model, that later developed into the ST, the existence of two SU(2) doublets, ((u,d) and (c,s)), implied a series of cancellations which resulted in a strong suppression of FCNC (GIM mechanism), in agreement with experimental observations. There are many other examples of how rare decays of the known existing particles have helped to shape the ST. I've taken these two examples as they demonstrate two important and complementary cases:
• Processes that are protected by some symmetry of the current theory but is not necessarily conserved in the next version of the theory.
• Processes that should not be rare in the current theory, but contradictory observations suggest a new mechanism, which should be included in the next version of the theory.
We will see in the next sections how this historically successful strategy is being pursued today, and what some of the experimental prospects are which can reveal the properties of a theory to supersede the ST. But before that, let's have a look at the flavour structure of the ST and what type of rare decays are a priori more interesting to look for.
Flavour structure and symmetries in the ST
According to the ST the basic constituents of matter can be grouped into three families, or flavours, of quarks and leptons. The four fermions within each family have different combinations of strong, weak, and electromagnetic charges, which determine completely their fundamental interactions with the exception of gravity, which is not included in the ST. As far as we know, quarks and leptons of the second and third family are identical copies of those in the first family but with different, heavier, masses. One of the biggest questions that is not answered by the ST is why do we have three almost identical replicas of quarks and leptons, and what is the origin of their different masses?
In the limit of unbroken electroweak symmetry none of the basic constituents of matter have a non-vanishing mass. The description of quark and lepton masses in terms of the Higgs mechanism is particularly unsatisfactory since the corresponding interactions between fermions and Higgs field are not controlled by any symmetry principle, contrary to all other known interactions, resulting in a large number of free parameters. Besides determining quark masses, the interaction of the quarks with the Higgs is responsible for the peculiar pattern of mixing of the various families of quarks under weak interactions, and of the non-zero CP asymmetry in the ST.
In particular, the interplay of weak and Higgs interactions implies that FCNC processes can occur only at higher orders in the electroweak interactions and are strongly suppressed, in accordance with the GIM mechanism described in Section 1. This strong suppression makes FCNC processes natural candidates to search for physics beyond the ST. If the new degrees of freedom do not have the same flavour structure of the quark/lepton-Higgs interaction present in the ST, then they could contribute to FCNC processes at a comparable level to the ST amplitudes. Even if their masses are well above the electroweak scale, they can produce sizable deviations from the ST predictions for these rare processes.
However, it should be clear from the previous discussion that not all processes that are rare and occur only at higher orders are necessarily powerful tools to look for NP. For instance, within the ST, the interactions between photons and leptons, and between quarks and gluons, are governed by gauge theories (QED and QCD) with nonbroken gauge symmetries. The decoupling theorem 11 implies that contributions of heavy particles (with masses much larger than the momentum transfer of the process) are irrelevant. This is the reason, for instance, that to a good approximation one does not need to know the values of the top quark and the Higgs boson masses to calculate the value of the running QED coupling constant up to the Z mass. On the other hand, within the ST the weak interactions are described by a gauge theory with broken symmetry. Therefore, higher order corrections are sensitive to the size of the squared mass difference within an isospin doublet (which is a measure of how badly the isospin symmetry is broken). This is the reason why the dominant effect from weak loop corrections within the ST is proportional to (m Therefore, in general, rare processes that occur at higher orders in the ST are good tools to search for new heavier particles that can modify the loop contribution if they are protected by some symmetry in the ST that does not necessarily hold for the new theory. One example has already been given above, FCNC in quark transitions. Another excellent example is lepton flavour violating decays (LFV). Within the ST neutrinos are massless and the lepton Yukawa matrices can be diagonalized independently. Therefore, there are not FCNC in lepton decays and lepton flavour is conserved. However, the discovery that different neutrino flavours can mix, and therefore that neutrinos have non-zero masses cannot be explained by the ST. Depending on what is the mechanism to generate neutrino masses and therefore what is their nature (Majorana or Dirac) one can expect different levels of charged LFV decays. Searches for LFV decays are therefore extremely interesting, not only as evidence for NP, but as critical data to constrain the mass generation mechanism in the lepton sector, which may or may not be related to the ST Higgs mechanism.
In the next sections I will discuss the status of some of the most interesting examples of rare decays in quark and lepton FCNC. These correspond to the first class of interesting processes described in Section 1. FCNC processes are analogous to the historical discovery of CP violation by looking at decays of K 2 0 →π + π -, which occur because the symmetry protecting them did not hold in the updated theory.
I also mentioned in Section 1 an historical example of a second class of interesting rare processes that should not have been rare:
cannot resist the temptation to just briefly mention an excellent example of this kind of process that is currently being pursued: the search for nucleon electric dipole moments (EDM). There is no good reason why within the ST there is only CP violation in the weak interactions. In general one could add a CP violating term in the Lagrangian describing strong interactions and remain consistent with the ST gauge symmetries.
Either there is a new symmetry 12 involving new particles (axion like) and/or a precise measurement of the neutron and proton EDMs will reveal that CP violation is also present in strong interactions at some level.
Quark flavour changing neutral decays
Within the ST quarks can change flavour in electrically neutral processes via higher order loops. In B-meson decays experimenters have measured b→s and b→d, in D-meson decays c→u and in K-meson decays s→d quark transitions. At first order these transitions can occur through two kinds of Feynman diagrams shown in Figure 1 . The first corresponds to the so-called "box" diagram and is in particular relevant to describe the mixing between neutral mesons, the example of Figure 1 shows B s 0 mixing. The second kind of diagram, the so-called "penguin" diagram, is responsible for a large variety of FCNC rare decays. The example shown in Figure 1 is that of a b→sll transition. In particular, if the bosons radiated are the electroweak bosons (Z, W or γ like in Figure 1 ), the uncertainties in the calculation of the rates due to less well known nonperturbative QCD effects are drastically reduced as compared with the case where a gluon is radiated. These "electroweak penguins" are particularly interesting for the discussion in this chapter. Let's have a look at today's status of a few interesting examples in the next sections.
K
One of the strongest constraints on the possible size of NP contributions comes from K physics, in particular the precise measurement of the mass
) of the neutral kaon weak eigenstates and the CP-violating quantities ε K and ε'. This is because the ST suppression factors are bigger in the Kaon sector, since the u and c-quark contributions to FCNC processes are very strongly suppressed by the GIM mechanism, while that of the t-quark is strongly suppressed by the Cabbibo-Kobayashi-Maskawa (CKM) matrix elements. Progress in this area is limited by theoretical uncertainties affecting, in particular, the ST prediction of ε'. The situation is better when the process occurs through an "electroweak penguin" with a charged lepton pair in the final state. However, there is still a limitation due to long distance contributions via one or two photon conversions. That's the reason why there is great interest in decays with a neutrino pair in the final state. The K + →π + νν and K L 0 →π 0 νν decays are determined by short distance physics. There is a single operator that determines the decay rates within the ST and in most NP scenarios. In Figure 2 one can see the leading ST Feynman diagrams that contribute to these processes.
Within the ST, these decays are predicted with good precision 13 : where the first uncertainty is due to the experimental uncertainty on the input parameters while the second is due to the intrinsic theoretical limitations. In Figure 3 one can see the results of the experimental searches for these very rare decays in the last 50 years since the birth of the ST. The upgraded E949 experiment at the Brookhaven National Laboratory Alternating Gradient Synchrotron (AGS) achieved the first evidence for the charged K decays with a measurement 14 : precisely at experiments at KEKB and SLAC, and experiments at CESR and LEP with an uncertainty of ~7%, in agreement with the ST prediction 21 . In fact, this agreement is one of the strongest constraints in NP models (in particular supersymmetric models).
If the photon emitted from the internal loop decays into a lepton pair (hence the amplitude is further suppressed by a factor α QED ) or it is replaced by a Z boson, the process can provide a rich laboratory to test NP models. An example is shown on the center panel of C S , C P ). The charge of the pion in the decay K * →Kπ allows the flavour of the B meson to be established; hence an angular analysis can be unambiguously performed to test the helicity structure of the "electroweak penguin".
The system is completely defined by four variables: q 2 , the square of the invariant mass of the dimuon system, θ l , the angle between the positive lepton and the direction opposite the B-meson in the dimuon rest frame, θ K , the equivalent angle of the K + in the K * rest frame and φ the angle between the two planes defined by (K,π) and (µ + ,µ -) in the B-meson rest frame. The four fold differential distribution contains a total of eleven angular terms that can be written in terms of seven q 2 dependent complex decay amplitudes. These amplitudes can be expressed in terms of five complex Wilson coefficients (C S , C P , C 7 , C 9 and C 10 ), their five helicity counter-parts and six form-factors, which play the role of nuisance parameters in the fit.
The LHCb experiment at the LHC is designed to profit from the enormous production rate of b-quarks (~3×10 11 per fb -1 ) and c-quarks well with the ST predictions 23 , for these two examples: A FB (modulating the sin 2 θ K ×cosθ l angular term) and S 5 (modulating the sin(2θ K )×sinθ l ×cosφ angular term) there seems to be a hint of disagreement. These are early times and more data and a careful reassessment of the ST prediction uncertainties are needed before reaching a conclusion.
Nevertheless, several authors have already attempted to see if the overall pattern of the measurements is consistent with a given value for the relevant Wilson coefficients. As mentioned before the inclusive b→sγ measurements strongly constrain non-ST values for C 7 . As will be described in the next section the scalar C S and pseudo-scalar C P coefficients are constrained, for example, by the measurement of the branching ratio of the very rare decays B coefficient, as can be seen in Figure 6 taken from Ref. (24). All these measurements are bound to significantly improve in the next decade. Therefore if NP is the responsible for these early hints, we should get a definitive answer in the near future. Figure 7 and the combined value for the branching ratio is measured to be BR(B s 0 →µ + µ -)=(2.8+0.7-0.6)×10 -9 in agreement with the ST within the present uncertainties.
It is a testimony to the experimenters ingenuity and persistence that after ~30 years of searching for this very rare decay, since the discovery of B mesons, it has been finally measured at the LHC and found to be in agreement with the ST within the current uncertainties. In the next decade it will be very interesting to see how it turns out the measurement of BR(B d 0 →µ + µ -).
Lepton flavour changing neutral currents
The search for FCNC in charged lepton decays has been unsuccessful so far 28 , as can be seen in Figure 8 . Nevertheless, historically these limits have played a very important role. For example, by the end of the 50s it was known that BR(µ→eγ) had to be below ~10 -5 and this was used to argue the existence of a second neutrino 29 , needed to cancel possible large loop-induced neutral currents, in analogy to the proposal of the charm quark, from the GIM mechanism described in Section 1. The status of the searches for µ→eγ, µ→eee, τ→µγ, τ→µµµ and µ→e conversions in the presence of a nucleus field as they were by the end of 2008 is shown in Figure 8 . There have been significant improvements of this picture in recent years by experiments like MEG at PSI, Belle at KEKB, BaBar at SLAC and LHCb at LHC. enormous production of charm and beauty mesons, and subsequently of τ leptons from their decays, has opened a new window of opportunity increasing the τ production rate by five orders of magnitude w.r. Figure 8 will look very different in ten years from now.
Final remarks
The concept of symmetry has played a fundamental role in the construction of the ST. Because of these symmetries some processes are highly suppressed in the ST, but may receive important NP contributions if these symmetries are not respected by the theory that should supersede the ST. Flavour is one of these properties of the ST that cannot be explained by fundamental symmetries: why do we have three almost identical replicas of quarks and leptons, and what is the origin of their different masses? This new theory of flavour should be able to answer these questions, and naturally should include new flavour transitions. This is the reason why this chapter has been devoted to describe a few of the most interesting attempts to look for FCNC in quark and lepton decays. The field is very active today, and running experiments together with new experiments scheduled to start taking data in the next decade will provide new hope for a deeper understanding of nature. 
